Working memory (WM) is an individual's capacity to simultaneously manipulate some information while maintaining other information ([@r14]; [@r135]; [@r180]). Many researchers view the measurement of WM as a straightforward task -- a variety of WM tests are available, and all that is necessary is to select a measure or two, administer them to participants, and assign participants a numerical result. The resulting value can then be used to account for variance in other cognitive variables, to divide participants into high and low WM groups, to examine changes over time, or to serve as a baseline comparison or covariate for interventions or experimental treatments. Regardless of the study design, the measurement of WM is frequently treated as a relatively stable, valid, descriptor of a person's true WM capacity. However, our review of the broader literature indicates that performance on WM tasks is sensitive to many variables and situational factors. Because of the burgeoning numbers of researchers who investigate WM or who include it as a measure of cognitive function, we feel it is important to consider the surprising number of factors that can influence the measurement of WM and how these factors may influence the interpretation of results. In that light, this paper serves three important functions.

First, this review should be viewed as a resource. We conducted an exhaustive search of the literature to identify articles that met the broad requirements of this review; namely, we review articles that included any factor that can alter WM performance. Out of the several thousand articles examined, several hundred were related to the goals for this paper. Representative articles for each factor were selected and incorporated into the review, and a supplement is available in which all reviewed articles are listed and classified by topic. As a resource, this paper highlights and describes each factor and relevant research findings. This information would be helpful for researchers just entering the field and also serves as a broad overview for more experienced WM researchers. Second, we present a framework that classifies and groups these factors in a meaningful way. This framework allows for the classification of different types of factors, which in turn will promote discussion as to the manner in which they impact WM performance and will foster the development of cross-disciplinary hypotheses on the underlying mechanisms that cause variability in WM performance. We present additional frameworks in the conclusion of this paper. Third, we hope that this paper provides a comprehensive overview of factors that can influence WM research, so that gaps or omissions in the literature can be identified and new lines of inquiry can form. To that end, we conclude this review with recommendations for future research in these areas.

[Table 1](#t1){ref-type="table"} lists the twenty-one factors that will be reviewed in this paper and attempts to categorize them on several dimensions. The first dimension, and the one that provides the framework for this paper, divides factors into two groups: individual differences factors and manipulated (or environmental) factors. Manipulated factors are more malleable, often temporary or reversible in nature, and are generally ones that can be randomly assigned to a person or obtained though some intervention. Of course, these factors can be categorized in many ways (see [Table 1](#t1){ref-type="table"}), and we will consider several of these classification systems in the conclusion to this paper. Several of the possible categorization systems are listed in [Table 1](#t1){ref-type="table"}, such as length of effect, malleability, and presumed mechanism. However, many gaps and inconsistencies exist in the literature, and this table only reflects an overall assessment based on the literature reviewed in this paper.

###### A Summary of Factors That Influence WM

  Factors                               Acute vs Chronic effect   Malleability Low/Med/High   Mechanism/Presumed cause of effect   Consistency/ Inconsistency in literature
  ------------------------------------- ------------------------- --------------------------- ------------------------------------ ------------------------------------------
  Individual Differences                                                                                                           
  Intelligence                          C                         L                           Biological                           C
  Gender                                C                         L                           Biological                           I
  Age                                   C                         L                           Biological                           C
  Personality                           C                         L                           Biological                           I
  Mental illness / Medical conditions   C                         M                           Preoccupying thoughts/Biological     C
  Manipulated                                                                                                                      
  Emotion                               A                         M                           Preoccupying thoughts                C
  Stress/Anxiety                        A                         M                           Preoccupying thoughts                C
  Dieting                               A/C^b^                    H                           Preoccupying thoughts                C
  Craving                               A                         H                           Preoccupying thoughts                I
  Stereotype threat                     A                         H                           Preoccupying thoughts                C
  Temperature                           A                         H                           Preoccupying thoughts/Biological     Insufficient
  Mindfulness                           Uncertain                 H                           Preoccupying thought control         Insufficient
  Practice                              Uncertain                 H                           Uncertain                            I
  Sleep                                 A                         H                           Uncertain                            C
  Bilingualism                          C                         M                           Uncertain                            C
  Musical training                      C                         M                           Uncertain                            Insufficient
  Altitude/Hypoxia                      A/C\*                     H                           Biological                           Insufficient
  Exercise                              A/C\*                     H                           Biological                           I
  Diet                                  A/C\*                     H                           Biological                           Insufficient
  Drug Use                              A/C\*                     H                           Biological                           C
  Brain stimulation                     A                         H                           Biological                           C

^a^May be either an acute or chronic effect, depending on circumstances.

Before reviewing the individual factors, a few remarks about WM are needed to provide a theoretical base and to describe some terms that will be used throughout the text. First, we have aligned this review with the theoretical model of WM initially proposed by [@r17]. According to this model ([Figure 1](#f1){ref-type="fig"}), WM consists of multiple specialized components that allow humans to comprehend and interact with the environment, represent and retain information about the immediate past, and act on certain goals.

The three major components of the original model are the central executive, the phonological loop, and the visual-spatial sketchpad. The phonological loop and the visual-spatial sketchpad maintain memory traces that overlap with sensory memory using rehearsal in the phonological loop and image generation in the visual-spatial sketchpad. The central executive coordinates these two memory systems and controls attention, focus, and attention switching, as well as the activation of long-term memory. The phonological loop is fractionated into a passive phonological store and an active rehearsal the process. The phonological store represents material in a phonological code that decays with time unless the material is rehearsed. The visual-spatial sketchpad is also fractionated into passive and active subsystems. [@r161] refers to these as the passive visual cache and an active inner-scribe. In more recent versions of the multiple components model, [@r15]; [@r18]) includes an episodic buffer. The episodic buffer is a storage system that uses multimodal elements to coordinate the memory systems with long-term memory. This leaves the central executive as an attention system not limited to WM processes.

Certain factors discussed in this paper may selectively target the central executive, phonological loop, visuospatial sketchpad, or the episodic buffer; these are noted where appropriate. In all other cases, the impairment is to WM performance in general. This paper generally operates within the framework of [@r14] model of WM, and these terms are used throughout the text. Other theoretical models of WM have been proposed (e.g. [@r58]) and many definitions provided (see [@r59]); however, a thorough review of theory is outside the scope of this work.

![Basic theoretical framework for this review (based on [@r14]).](ejop-14-188-g01){#f1}

Second, we frequently reference two commonly used classes of WM tasks: n-back tasks and complex span tasks. An n-back task presents a participant with a series of stimuli, such as objects or letters of the alphabet. The participant must make a decision on every stimulus, and determine if it is the same one that was presented *n* stimuli ago. Often a 2-back task is selected, which is generally considered a low load task, but task difficulty can be increased by increasing the number of objects that a person must maintain and update within the paradigm. The second class of WM tasks is complex span tasks, such as the reading span (RSPAN, [@r66]) or operation span (OSPAN; [@r250]). These types of tasks generally have two goals that must be simultaneously achieved: (1) to maintain information, such as a word or letter of the alphabet and (2) to actively manipulate other information, such as solving math problems or judging the veracity of sentences. Finally, many different variations of WM tasks have been employed to assess WM, as these tests can use either verbal or spatial information, and a wide variety of stimuli may be employed within the task. The wide variety of tasks, stimuli, and load create challenges in interpreting or comparing results of WM studies.

Although n-back tasks are often used to measure WM, they are not without concerns. [@r134] found that although n-back tasks may have face validity as a WM measure, they did not show convergent validity with a popular complex span task. [@r127] concluded that the n-back task is not a valid measure of individual differences in WM. Indeed, [@r208] contend that complex span tasks and n-back tasks are not interchangeable as measures of WM. Therefore, we recommend the reader consider the research reviewed carefully and consider the WM tasks used in each of the studies.

Individual Differences Factors
==============================

We begin this review with summaries of research on individual differences factors. These factors all share the common feature of being relatively stable, often pre-determined characteristics, and include intelligence, age, gender, personality, and both mental and medical conditions.

Intelligence
------------

Most psychologists are in agreement that WM and general intelligence (*g)* are highly related but separate constructs ([@r52]; [@r54]; [@r135]). WM has been specifically associated with fluid intelligence (*g*F; novel problem solving) and not crystallized intelligence (*g*C; verbal and learned experience) in many of these studies ([@r1]; [@r54]; [@r170]; [@r251]). Correlations between WM and *g*F differ from study to study, but tend to be moderate to large, ranging from .34 ([@r79]; [@r251]) to .70 ([@r52]). In their meta-analysis of WM and *g*, [@r1] report an average correlation of .48 between these variables, and make note of the wide variety of correlations reported by others.

These discrepancies may be due in part to error or varying participant characteristics, but another possibility is that researchers using different types of WM tasks found different relationships to *g*. This is highlighted by some studies that compare different types of WM tasks, such as operation span, reading span, and spatial WM, as well as n-back tasks of WM. For example, [@r128] report a correlation of .44 between an n-back task and a measure of *g*F, but a correlation of .24 was reported between the OSPAN and that same *g*F measure. The relationship between WM and *g* is further complicated by discriminations between spatial and verbal WM and crystallized and fluid *g*. For instance, [@r79] found a difference between overall WM and verbal WM, with a correlation of .34 between the OSPAN and *g*, but .28 for the reading span and *g*. Other researchers have specifically claimed that verbal WM is related to *g*C and spatial WM is related to *g*F ([@r113]; [@r225]).

Some investigations of individuals with borderline IQ (i.e. 55-85) have also been conducted (e.g., [@r252]). [@r5] examined people with IQs between 70-85 and found that both verbal and spatial WM were impaired in this group. Both verbal and spatial WM functioning are impaired in students with learning disabilities as well ([@r166]). In terms of developmental disability, both Down's syndrome ([@r191]) and William's syndrome ([@r193]) are associated with deficits in WM performance. In particular, the phonological loop is impaired in children with Down syndrome ([@r29]; [@r259]).

Given the voluminous research on the relationship between WM and intelligence, it is impossible to present more than a brief overview in this paper. However, we can conclude that a close positive relationship between these two variables exists, although the two are not isomorphic ([@r23]; [@r55]). Given the previous discussion, we label intelligence as a chronic effect of biological origin with low malleability and a high degree of consistency in the literature ([Table 1](#t1){ref-type="table"}).

Age
---

Several groups have examined the three-factor model of WM (the central executive, phonological loop, and visuospatial sketchpad; e.g. [@r14]) across the life span. The three factors appear to emerge around age six ([@r95]). The basic three-factor structure remains throughout the rest of adulthood and into old age ([@r115]), even as WM decreases throughout.

Many studies have reported age-related declines in WM ([@r13]; [@r34]; [@r60]; [@r62]; [@r157]; [@r175]; [@r200]; [@r203]; [@r214]). In a meta-analysis of age and WM, [@r33] reported moderate to large negative correlations between WM and age. WM increases linearly up to adolescence, when it begins to level off, but no change in the basic structure of the factors occurs during this process ([@r150]). The decline appears to be linear, with a constant and continuous rate of decline beginning in the twenties and no sharp decline seen in old age ([@r34]). In addition to group comparisons, longitudinal designs have also been employed and found consistent decline in WM performance with age ([@r48]; [@r131]; [@r200]; [@r232]).

There have been reports that spatial WM declines more with age than verbal WM does ([@r115]; [@r131]; [@r186]), although [@r34] did not find this in their analysis. Other researchers have reported only decreases in verbal WM ([@r82]; [@r253]). Still others report declines in both verbal and spatial WM ([@r68]; [@r139]; [@r200]; [@r215]). In addition to spatial/verbal WM tasks, age differences have been documented in WM for objects ([@r118]), and faces ([@r107]; [@r106]). A notable exception to the age-related decline in WM is a study by [@r179] in which older adults (ages 64-80) did better on a WM task employing positive emotion stimuli but younger adults (ages 18-28) did better when negative emotion stimuli were used.

[@r34] suggest that WM declines are due to the inability to suppress intrusions of past material. [@r119] found older adults showed greater retroactive interference, leading them to surmise that irrelevant information is not efficiently deleted from WM. In contrast to this view, [@r86] found that controlling for perceptual speed removed all age-related variance in WM. [@r92] compared 3^rd^ and 6^th^ graders on a complex span task and found that processing speed was the source of variance between the two groups.

Although the debate continues on the cause and rate of change in WM subcomponents over time, it is clear that WM performance does decline with age and hence it is an important individual differences factor to take into account when assessing WM. Therefore, we label this factor in [Table 1](#t1){ref-type="table"} as biological, having a chronic effect over time, and low on malleability (as only the passage of time can alter age). Age also plays a moderating role in the effect of several manipulated factors, such as practice, which will be discussed later in this paper.

Gender
------

No general consensus in the field exists when it comes to the relationship between gender and WM performance. Several researchers report that men have an advantage on spatial WM tasks and that women have an advantage on verbal WM tasks ([@r239]; [@r256]), some researchers report only a spatial advantage for men ([@r156]; [@r195]), and others report no differences at all between genders ([@r187]; [@r211]).

For instance, [@r219] found no difference in accuracy, speed, or brain activity (using fMRI) between men and women completing a verbal n-back task, and yet multiple researchers have confirmed differences in prefrontal cortex (PFC) activity between men and women while completing WM tasks ([@r103]; [@r224]; [@r239]). [@r76] attribute the gender difference to the effect of androgen and estrogen on neurons in the dorsolateral PFC (dlPFC). In contrast with other findings, [@r76] found a response time and accuracy advantage for females in spatial WM but not for verbal WM, even though males outperformed females on the mental rotation task. Interestingly, [@r138] found that an estrogen supplement can increase verbal WM. In a large sample analysis using automated complex span tasks, [@r209] found little to no evidence of gender differences.

Because of the great amount of inconsistency in the results, it is difficult to determine the effect, if any, of gender on WM performance. If a difference does exist, this difference would be relatively chronic and most likely biological in origin (see [Table 1](#t1){ref-type="table"}). However, given the available research, a firm conclusion cannot be drawn.

Personality
-----------

One of the most commonly used personality frameworks is the Big 5, which describes personality using five broad domains: Conscientiousness, Agreeableness, Neuroticism, Openness to Experience, and Extroversion/introversion ([@r57]). Of these, Extroversion/introversion has been linked with WM performance most frequently. Extroverts are people who enjoy and actively seek out social situations, while introverts are seen as more socially inhibited ([@r57]). The link between Extroversion/introversion and WM performance suffers from conflicting evidence, however. Some researchers state that extroverts outperform introverts on WM tasks ([@r159]; [@r160]) yet others find no differences ([@r84]; [@r245]).

Several researchers who support the Extroversion-WM link have examined the role that dopamine might play in this relationship. Dopamine has particularly been implicated in attentional control, an important aspect of the executive control in Baddeley's WM model. [@r10] proposes an inverted U curve to explain the relationship between dopamine and WM. If Extroversion is indeed associated with improved WM performance, it is possible that extroverts naturally have dopamine levels in the target range for maximum WM performance. This possibility was tested by [@r46]. They divided participants into high and low Extroversion groups and then randomly assigned a placebo or dopamine receptor antagonist, sulpiride, which would decrease overall dopamine activity. In the placebo condition, extroverts showed increased cortical activity and performance in both high and low-load n-back tasks, but extroverts who had been given sulpiride performed worse on the WM task ([@r46]).

Caffeine, on the other hand, may facilitate dopamine release through its antagonist effect on adenosine ([@r233]). Researchers have reported a positive effect of caffeine on WM performance (see Psychoactive Substances section of this paper), and this effect may be particularly strong for extroverts. Using a double-blind placebo controlled design, [@r233] found that 200mg of caffeine improved n-back performance for extroverts, but not introverts, on a high load n-back task. This experiment was replicated with a relatively low dose of caffeine, 65mg in a cup of coffee, resulting in greater WM improvement for extroverts compared to introverts ([@r234]). Altogether, these studies support the hypothesis that dopamine plays an important role in WM performance and provide evidence for differences in WM processes between introverts and extroverts.

Conscientiousness and Neuroticism have been associated with WM performance as well. Conscientiousness is associated with persistence, reliability, and self-discipline and Neuroticism is associated with emotional instability, anxiety, and depression ([@r245]). Overall, higher Neuroticism has been related to lower WM performance and higher Conscientiousness has been related to increased WM performance on an n-back task ([@r245]).

Overall, researchers have reported intriguing relationships between certain personality traits, particularly Extroversion and WM. As shown in [Table 1](#t1){ref-type="table"}, we view personality as a relatively stable biological factor (i.e. chronic effect with low malleability). Additional research, both cognitive and physiological, will be required to fine-tune our understanding of the relationship between personality factors and WM.

Mental Illness and Other Medical Conditions
-------------------------------------------

A wide variety of mental illnesses have been associated with deficits in WM performance (see [Table 2](#t2){ref-type="table"} for a list of conditions and applicable references). The deficits observed in people diagnosed with schizophrenia have received an enormous amount of attention in the literature. Not only are these impairments seen in people diagnosed with schizophrenia, but they have also been found in first degree relatives of individuals who have been diagnosed with a schizophrenia spectrum disorder. People with schizophrenia and people with schizotypal personality disorder have difficulty ignoring distracting stimuli and maintaining information in WM. These deficits may be attributed to dopamine function in the PFC ([@r22]), which then impairs functioning of the central executive in WM. Of note, not all studies have found a relationship between WM and risk for schizophrenia. Using a latent-variable approach, WM did not predict scores on a measure of schizotypy ([@r136]).

###### Mental Diagnoses Associated With Impaired WM Performance

  Disorder                 References
  ------------------------ ---------------------------------
  Schizophrenia spectrum   [@r20]; [@r36]; [@r42]; [@r104]
  Borderline personality   [@r114]; [@r153]; [@r244]
  PTSD                     [@r94]; [@r130]
  OCD                      [@r205]
  Hoarding disorder        [@r12]
  Depressive disorders     [@r102]; [@r204]; [@r212]
  ADHD                     [@r74]
  Autism                   [@r64]; [@r242]

In addition to disorders on the schizophrenic spectrum, several other mental disorders have been investigated for deficits in WM. Certain personality disorders have been associated with reduced WM ([@r56]), particularly borderline personality disorder. Anxiety disorders associated with reduced WM include post traumatic stress disorder (PTSD), obsessive compulsive disorder (OCD), and even hoarding disorder. Mood disorders that have been associated with WM deficits include major depression, postpartum depression, and social anhedonia. These disorders may influence WM through a mechanism of preoccupying thoughts, a possibility further discussed in the next section.

WM performance has been thoroughly examined in people who have been diagnosed with attention deficit hyperactivity disorder (ADHD). ADHD certainly impairs WM performance in children ([@r137]; [@r172]). However, there is some evidence that WM training can decrease ADHD-related symptoms ([@r144]; [@r145]; [@r178]). WM deficits are not always seen in autism, but can be observed in some high-load tasks.

In addition to mental illness, many other recognized disorders have been associated with impaired WM function (see [Table 3](#t3){ref-type="table"} for a list of these conditions along with applicable references). Degenerative disorders, such as Alzheimer's disease and Parkinson's disease, decrease WM performance. In fact, levodopa (L-dopa) can improve WM performance in people who have been diagnosed with Parkinson's ([@r152]; [@r168]). WM is also impaired in people who have experienced traumatic brain injury (TBI).

###### Medical Conditions Associated With Impaired WM Performance

  Disorder             References
  -------------------- --------------------------
  Alzheimer's          [@r91]; [@r122]
  Parkinson's          [@r100]; [@r197]
  TBI                  [@r174]
  Fragile X            [@r19]; [@r185]; [@r194]
  Epilepsy             [@r162]
  Multiple sclerosis   [@r202]
  Chronic fatigue      [@r69]
  Spina bifida         [@r169]

Fragile X syndrome, a neurodevelopmental disorder caused by too many codon repeats on the X chromosome, has been associated with both verbal and spatial WM deficits, regardless of task difficulty. WM is also impaired in children with epilepsy and spina bifida. Deficits in WM have been reported in people with multiple sclerosis and people diagnosed with chronic fatigue.

Many mental illnesses and general medical conditions have been associated with declines in WM, including genetic disorders and age-related disorders. Some of these have a clear biological basis, but others are not so definitive. Additional research is required to fully understand the mechanism of these deficits and develop methods to improve WM function in these groups. Even so, it would be prudent to screen for the aforementioned disorders in large-scale studies. As seen in [Table 1](#t1){ref-type="table"}, we rate mental illness as medium and medical condition as low in terms of malleability; the mental illnesses we list are treatable in many cases, while the medical conditions we list are generally more difficult to alleviate. Nevertheless, we see both mental and medical conditions as chronic in nature and due to largely biological factors, with a few exceptions related to preoccupying thoughts (e.g. OCD).

Manipulated Factors
===================

In this section, we will present a series of manipulated factors and their relationship to WM performance. These factors differ considerably from one another, but some similarities and patterns can be observed. For instance, the first seven factors that we describe are all associated with the concept of preoccupying thoughts. All the factors in the next section share one common feature; namely, their effect on WM performance can be manipulated.

Emotion
-------

Some factors have a fleeting effect on WM performance, as research on state-dependent influences (such as emotion and motivation) has shown. Emotion itself can impair cognition. For example, using an n-back task of faces, reaction time was slower for fearful faces compared to faces showing neutral expressions ([@r143]). Daily emotional ups and downs can also influence WM performance. [@r38] found that people perform better on WM tasks on days they feel more positive affect compared to days they feel less positive affect. Negative affect is particularly associated with decreased initiative and WM performance ([@r39]). As mentioned in the section on age-related declines in WM, elderly adults show enhanced WM performance when stimuli have positive emotional valance ([@r179]).

Researchers have also examined emotion and WM from a physiological perspective. [@r109] contends that emotion and cognitive processes are related and selectively influence each other. For instance, [@r108] induced approach or withdrawal type emotion and then tested participants on a verbal and spatial 2-back task. Withdrawal emotion selectively enhanced spatial WM while approach enhanced verbal WM performance. This makes theoretical sense because spatial ability and withdrawal/inhibition are both associated with right hemispheric function while verbal ability and approach behaviors are associated with left hemispheric function ([@r108]). [@r108] suggests that dopamine may modulate the effect of positive emotion on WM and that norepinephrine might modulate withdrawal on WM.

Motivation can also be considered a state-dependent influence on WM. [@r216] examined money as a motivator in a visual WM task and found that motivation improved visual WM in both high and low load tasks. Others have also concluded that motivation enhances WM (e.g., [@r99]; [@r148]).

Emotion can clearly influence performance on WM tasks, with different emotions having different levels of impact. In general, negative emotion seems to have an impairing effect on WM; however, under certain circumstances, positive emotion and motivation can enhance WM performance. We view emotion as an acute effect, with a medium level of malleability, and attribute the cause of the effect on WM performance to the preoccupying thoughts that accompany strong emotion ([Table 1](#t1){ref-type="table"}). It is possible that preoccupying thoughts use up resources in the phonological loop, and this hypothesis will be discussed in the conclusion to this review.

Stress and Anxiety
------------------

In contrast to purely state-level effects, anxiety can be viewed as either a state or trait-level influence on WM ([@r124]). For instance, [@r238] examined the influence of both trait anxiety and stress on WM performance. Participants were divided into high/low anxiety groups and then exposed to either a stressful or non-stressful situation (a video game competition) before being tested on reading span. High trait anxiety people showed impaired verbal WM in the stress condition but not the low stress condition ([@r238]). The effect of trait anxiety is not limited to adults. [@r255] tested preschoolers on both verbal and spatial WM tasks and found that high trait anxiety was associated with longer verbal WM response times and poorer accuracy. By contrast, state anxiety seems to impair spatial but not verbal WM, with high WM individuals impaired by induced anxiety the most ([@r228]).

[@r206] took a different approach and examined the effect of participation in a WM task on worry itself. [@r206] asked participants to focus on an area of concern that they would be able to worry about for some time while either generating random letters, engaging in articulatory suppression, completing a visuospatial task, or generating random numbers on a key pad and then tested the change in worry. Tasks which involved the central executive and especially the phonological loop were able to reduce a worried state.

Multiple researchers have hypothesized as to the underlying mechanisms that allow anxiety to influence WM. [@r77] found that anxiety impairs processing ability in both the central executive and the phonological loop. They suggest that this impairment is due to pre-occupying anxious thoughts and subvocalization using up WM resources ([@r77]). Others have concluded that anxiety has a greater effect on the phonological loop than the visuospatial sketchpad because worry-related thoughts consume cognitive resources (e.g. [@r70]; [@r81]; [@r206]). [@r11] report that math anxiety impairs WM due to intrusive thoughts and worries about math itself. Evaluation anxiety has the same effect, and most likely operates on this same principle of consumed cognitive resources ([@r61]).

Anxiety has a uniformly detrimental effect on WM performance, and the root of this effect is the use of attentional resources by preoccupying thoughts centered on the anxiety-producing stimulus. The effect of stress and anxiety on WM performance is generally acute, and there is a medium amount of malleability ([Table 1](#t1){ref-type="table"}).

Dieting
-------

Another interesting factor that has been associated with impaired WM performance is dieting; a deficit that seems particularly obvious in high load verbal tasks ([@r141]). Unexpectedly, this association does not seem to be due to weight loss or caloric restriction itself ([@r257]). [@r110] found that dieters performed worse on cognitive tasks, including attention, regardless of whether the dieter was successful or not in actually losing weight. Rather, the link between dieting and impaired WM seems to be due to preoccupying thoughts about food and body shape ([@r111]; [@r141]). These preoccupying thoughts reduce the amount of cognitive resources available for tasks that tap into WM ([@r140]; [@r141]) because dieting requires self-monitoring and attention to maintaining dieting behaviors ([@r257]).

Multiple studies have determined that dieting selectively interferes with the phonological loop but not the visuospatial sketchpad ([@r111]), which makes sense considering the verbal nature of preoccupying thoughts. [@r257] compared dieters to non-dieters on tests of articulatory control and the phonological store. Dieters performed worse on overall central executive function and the phonological loop, particularly on the phonological store. A study by [@r229] compared past dieters, dieters, and non-dieters on phonological loop performance by examining the phonological similarity effect and articulatory control. Dieters did not show impaired performance on the phonological similarity effect, but were impaired on articulatory control, which was mediated by preoccupying thoughts ([@r229]).

The preoccupying thoughts associated with dieting are amplified in eating disorders, and cognitive performance suffers greatly ([@r173]). In a study comparing two dozen women with anorexia nervosa to dieters and non-dieters, [@r142] found that both people with anorexia nervosa and dieters performed worse on dual WM tasks due to preoccupying thoughts about food, weight, and body shape than non-dieters.

The effects of dieting may be both acute and chronic, with a high degree of malleability ([Table 1](#t1){ref-type="table"}). Similar to anxiety, the act of dieting seems to impair WM performance by consuming attentional resources through preoccupying thoughts.

Craving Cigarettes
------------------

The negative nature of preoccupying thoughts extends past dieting. Smokers perform worse on WM task in which cues are smoking-related ([@r266]) and chocolate-cravers perform worse on WM tasks as well ([@r248]).

Smokers who abstain from smoking at least 12 hours, and are presumably craving that behavior, show impaired WM performance --- a finding that can be reversed by allowing smokers to smoke or by giving them nicotine ([@r30]; [@r80]; [@r125]). However, not all studies agree with these results (e.g., [@r201]).

[@r112] suggest some of the inconsistency across studies is due to differences in methodology and the specific test that was used to assess WM. To address this possibility, they used verbal and spatial versions of the n-back and OSPAN. They found that smokers had significantly lower verbal WM than nonsmokers, both when they were permitted to smoke and when they were abstinent ([@r112]), although there was no difference in verbal n-back performance between the smoking sessions. In addition, there was no difference in spatial WM between smokers who were craving smoking and those who were permitted to smoke. Craving smoking seemed to selectively impair verbal WM and not spatial WM, similar to the findings regarding dieting and the action of preoccupying thoughts in the phonological loop. Cravings are highly malleable and tend to be acute ([Table 1](#t1){ref-type="table"}), although additional research is required beyond cigarettes and chocolate (e.g. gambling).

Stereotype Threat
-----------------

Stereotype threat occurs when a person is made aware of a stereotype regarding a group of which they are a member -- including groups based on gender, race, and income level -- and feel that they are at risk for conforming to such stereotypes. Performance of those in negatively stereotype groups is hindered when the stereotype is present, causing anxiety ([@r241]). This stereotype threat can then impair performance on WM tasks. For example, [@r218] induced a stereotype threat in women by highlighting gender differences in math ability and in Latinos by stressing ethnic group intelligence differences. OSPAN performance was significantly lower for both women and Latinos after receiving the stereotype threat compared to individuals who did not receive the negative stereotypes ([@r218]). Stereotype threat is particularly detrimental in high load tasks. [@r24] tested women on high and low load tasks and found that women who were given a gender-based stereotype threat performed worse on high load problems compared to women who did not receive the threat.

Some researchers suggest that the negative effect of stereotype threat on WM performance can be increased by activating multiple stigmatized aspects of group membership ([@r87]). [@r249] tested multiple stereotype threats based on gender, race, and income level and found that each of these stereotype threats decreased WM performance, but income-based effects were the strongest of the three. Individuals with all three stigmatized aspects of identity (i.e. a woman of a minority group in a low-income bracket) experienced greater deficits in WM after the threat compared to individuals who received just one or two types of threat.

Eliminating stereotype threat through counter-stereotype training is also possible, as demonstrated by [@r87]. They retrained women to associate their gender with being good at math, which then increased performance on a complex span task. Specifically, women who were trained to associate women with being good at math had higher WM scores than women who were trained to associate men with being good at math ([@r87]).

[@r24] believe that stereotype threat specifically targets the phonological loop. However, others propose alternate explanations (e.g. the 'mere effort' hypothesis, [@r116]), and some even question whether stereotype threats impair performance. [@r129] report that women who received a stereotype threat regarding math and gender performed worse on some tasks and better on others, and they suggest that stereotype threats may motivate behavior by creating a situation in which a stereotyped individual wants to prove the stereotype wrong through their own efforts.

Despite this, the general consensus in this area seems to be that stereotype threats generally impair WM performance. A comparison of WM tasks that use verbal or spatial information is called for, and this type of experiment should be extended to multiple types of stereotype threat, as most of the studies have focused on gender thus far. Overall, stereotype threat produces a highly malleable, acute effect on WM performance ([Table 1](#t1){ref-type="table"}).

Temperature
-----------

[@r223] found that administering a cold pressor test (i.e. immersing one hand in ice water) impairs executive functioning in a WM task. Although Schoofs et al. tested the effects of acute stress, extremes in temperature might also affect WM performance. [@r226] suggest that it may not be objective temperature that impairs WM so much as subjective temperature preferences. Using a 2 (temperature preference: cold vs. warm) x 2 (environment: cold vs. warm) design, they tested performance in different work environments. People who were tested in an environment contrary to their temperature preferences performed worse on a 2-back task compared to people were tested in their preferred temperature, regardless of whether it was warm or cold. [@r226] suggest that subjective temperature preferences influence WM performance, but that objective temperatures may not.

Nevertheless, multiple studies have found a link between cold temperatures and impaired WM. These studies have specifically targeted tyrosine in their design. Tyrosine is a substrate for catecholamine synthesis in the brain, and is a precursor for the catecholamine neurotransmitters, dopamine and norepinephrine ([@r192]). Because exposure to cold increases the activity of (and therefore depletes) catecholamines, several researchers have tested whether the administration of tyrosine can reverse the negative effect of cold-stress on WM. [@r167] found that post-cold pressor WM performance improved after the consumption of a food bar containing tyrosine. Mahoney et al. conclude that cold exposure degrades cognitive performance and tyrosine alleviates the cold-related WM deficits. Likewise, [@r231] found that administering tyrosine before immersion in cold water significantly improved accuracy on a WM task, possibly by preventing the cold stress-induced reduction in brain catecholamines.

The existing literature suggests cold temperatures negatively influence WM performance. The mechanism of this relationship might be stress, and is certainly related to levels of catecholamines in the brain. In [Table 1](#t1){ref-type="table"}, we describe temperature as an acute, highly malleable manipulated factor; however, the research in this area is sparse and too many questions remain for a firm conclusion as to the nature of this factor.

Mindfulness
-----------

Although several of the factors discussed in the preceding section all seem to impair WM performance due to the presence of preoccupying thoughts, mindfulness meditation may improve WM performance by controlling and reducing preoccupying thoughts. Mindfulness meditation seeks to promote attentional control and awareness of internal and external experiences ([@r45]). In a mindful state, all thoughts are examined without judgement or reaction; they are simply allowed to exist. Mindfulness incorporates both the regulation of attention and an open and accepting attitude to mental activity ([@r45]). Interestingly, the acceptance facet of mindfulness training has been more strongly linked to WM performance on an n-back task ([@r213]), at least compared to present-moment awareness. This result seems surprising at first, but accepting one's thoughts without judgement requires cognitive control, which may then be the link to WM performance.

Performance on WM tasks has been improved through both brief and intensive mindfulness training. [@r270] found that 20 min of mindfulness training for four days enhanced accuracy, but not speed, on an n-back task. However, they caution that this gain may not be a long term change in WM performance ([@r270]). [@r45] tested 20 novice meditators before and after participation in a 10-day intensive mindfulness meditation retreat. They found significant improvements in WM and sustained attention; specifically, those who received the training performed better on a task-switching task than a comparison group who did not complete the training.

Although these studies seem like a promising avenue to improve WM, they certainly require replication. Researchers should also address possible demand characteristics in future studies by including placebo control groups. In addition, many unanswered questions remain. For instance, how long does training influence WM? Does the intensity and duration of mindfulness meditation training influence the strength and duration of the effect? These are important questions that should be addressed in the future. Because few studies have been conducted in this area and because of uncertainty regarding the duration of effect ([Table1](#t1){ref-type="table"}), we cannot make firm conclusions about the effect of mindfulness on WM at this time.

Practice
--------

Perhaps the most intriguing factor that can alter WM performance, from the perspective of both basic and applied researchers, is regular practice on WM tasks. Multiple researchers have reported improvements in WM performance after training on a WM task ([@r31]; [@r65]; [@r144]; [@r157]; [@r209]; [@r240]; [@r272]), and this result has created great interest in the effect of practice on WM performance.

However, one major controversy in the literature surrounds the claim that WM training can 'transfer,' or create gains in other cognitive functions. Much of this debate was stirred by a report that 8-19 days of training on an adaptive dual n-back resulted in gains on a test of fluid *g* ([@r126]). Since then, little support for this claim has been found, and a multitude of studies have failed to replicate any effect of WM training on *g*F or general cognitive ability ([@r37]; [@r50]; [@r121]; [@r209]; [@r210]; [@r240]; [@r271]). In critical reviews of the literature, both [@r230] and [@r176] conclude that WM training does not increase intelligence.

Beyond fluid intelligence, though, some researchers claim that WM training can transfer to other tests of WM, such as complex span tests ([@r121]; [@r210]; [@r220]). Even this is a questionable finding, as multiple studies ([@r41]; [@r127]; [@r132]; [@r157]; [@r209]; [@r240]) have not replicated this result.

In addition to transfer, the duration of training gains has caused considerable discussion. Gains in WM performance after training have remained in six ([@r132]) to nine month ([@r272]) follow ups. However, [@r41] found that increases in visual WM gained from training disappeared at a one year follow up. In addition, transfer gains may not hold up over time ([@r35]).

Research on the effects of WM training has been conducted on a range of age groups, from children ([@r145], [@r144]) and young adults ([@r65]; [@r126]) to adults and the elderly ([@r35]; [@r65]). In addition, some researchers report gains in WM performance in children with ADHD ([@r144]) and in adult neuropsychological patients following strokes ([@r263]), indicating that some populations gain more from WM practice than others and that WM practice may be a viable tool to improve cognitive function in people with WM impairment. Nevertheless, there may be pervasive methodological concerns with studies of WM training ([@r230]) and thus WM training remains a controversial topic in the field at this time. [Table 1](#t1){ref-type="table"} reflects this controversy, and both the length of effect and underlying mechanism are listed as uncertain.

Sleep
-----

Sleep deprivation has a consistently negative effect on WM performance ([@r158]). [@r43] found that people who were chronically sleep deprived (i.e. regularly experiencing less than half of normal sleep times) performed worse on a task that required WM than non-deprived participants. This deficit is particularly strong under greater WM loads; [@r44] report that people with chronic insomnia performed just as well as healthy controls on an easier WM task but performed significantly worse on a high load WM task.

The negative effect of sleep deprivation on WM has also been shown in adolescent populations. [@r105] asked teenagers aged 13-18 to complete the OSPAN and self-report their sleep time and found medium to large effect sizes of sleep on WM scores. Even younger children perform worse on WM tasks when sleep deprived; significant WM deficits have been found in sleep-deprived 6-14 year olds ([@r243]).

In contrast to studies examining sleep deprivation, getting a good night's sleep seems to have a positive effect on the relationship between WM and memory. A medium positive correlation between performance on the OSPAN and a general memory task was found after participants had slept but this result was not found in those who had remained awake ([@r83]).

Several researchers have approached the sleep-WM relationship from a physiological perspective. [@r49] used an n-back task to test WM in participants who had been sleep deprived for 24 hours. The participants showed decreases in both response time and accuracy compared to participants who were not sleep deprived. Some load dependent differences were seen in the left PFC, right parietal, anterior medial PFC, and left anterior cingulate cortex ([@r49]). The left anterior cingulate cortex also showed increased activity due to sleep deprivation, but the right frontal gyrus and right insula were active in sleep-deprived participants only in the higher load conditions ([@r49]). In a follow-up study, [@r47] found that sleep deprivation resulted in reduced activity in fronto-parietal regions. Interestingly, sleep-deprived individuals who showed greater left fronto-parietal activity showed superior WM performance over people without this pattern of brain activity ([@r47]).

As obvious as the relationship between sleep deprivation and WM may seem, and considering the frequent use of college students in psychological research (a group historically known for sleep deprivation), it is surprising that this factor is not taken into consideration more often by researchers. Sleep deprivation can become an influential extraneous variable in such studies and it would be prudent to assess sleep deprivation in WM studies in general. We view sleep as having an acute and highly malleable effect on WM performance, although the exact mechanism of the effect is uncertain ([Table 1](#t1){ref-type="table"}).

Bilingualism
------------

Although some people may view bilingualism as an individual difference due to stability over time, we have included it in this section because it at least possesses the potential for manipulation (i.e. an individual may choose to learn a second language whereas they cannot choose their age or level of intelligence). Much of the research on bilingualism and WM has been conducted by linguists, who have found some intriguing results. Two interesting findings are the strong correlation between first language WM and second language WM, and the strong correlation between baseline WM performance and foreign language proficiency ([@r6], [@r7]; [@r66]; [@r117]; [@r181]; [@r196]; [@r258]). These results have led several researchers to claim that WM plays an important role in the acquisition of a second language ([@r165]; [@r265]) and in determining second language aptitude ([@r78]; [@r181]; [@r217]).

Some investigators have looked at WM and bilingualism across the lifespan. Several studies have found no difference in WM performance between monolingual and bilingual children ([@r27]; [@r32]). Although [@r149] found no evidence that bilingual children have an advantage in WM, they did find that children transitioning from being monolingual to bilingual or from being dominant in one language to more equal in their bilingualism show enhanced WM, particular in the executive component. However, studies that report no differences in WM performance between monolingual and bilingual children may have used low-load tasks, and the difference between these groups may be more evident at higher cognitive loads. For instance, bilingual children did outperform monolingual children on a WM task in one study, although this advantage was more prominent in the more demanding, higher load tasks ([@r182]). Differences between spatial and verbal WM have also been investigated; bilingual participants outperform monolingual participants in spatial WM, but not verbal WM, across the adult life span ([@r164]).

The phonological loop may be a significant factor in second language learning outcomes ([@r16]; [@r227]). As the phonological loop deals with verbal information, it makes sense that it would be implicated in language learning. However, other researchers suggest that WM performance in a second language is due to the executive component of WM, and is independent of the phonological loop ([@r155]). This debate requires further investigation.

Regardless of the role individual WM components play, it seems clear that WM is closely related to learning a second language. [@r217] view WM as a system responsible for integrating the different components of foreign language. For instance, navigating between two languages requires holding some linguistic information in mind while manipulating another language, which certainly mirrors the manipulate/maintain definition of WM ([@r26]). Nevertheless, many unanswered questions remain. One question centers on the issue that some researchers treat WM as a cause of second language success and others treat it as an effect. More specifically, some researchers seem to study the role baseline WM has in increasing success in second language acquisition, whereas others examine differences in WM between monolingual and bilingual groups. Whether high WM improves the chances of becoming bilingual or learning a foreign language improves WM performance is debatable and requires additional research. Certainly the effect is chronic, and we assigned a medium degree of malleability due to the effort needed to become bilingual ([Table 1](#t1){ref-type="table"}).

Musical Training
----------------

Musical training has also been investigated for its beneficial effect on WM task performance ([@r25]; [@r264]). Long-term music training has been associated with greater auditory and spatial WM; specifically, years of music training and WM performance are positively correlated ([@r96]).

Both children and adults who have received music training outperform non-musicians on various measures of WM, both verbal and spatial ([@r88]; [@r90]; [@r199]). [@r154] tested 40 middle-school age children and 40 college age adults on the effects of musical training on WM using span tasks. Half of the participants in each group had received several years of musical training in the past and could play at least one musical instrument. Participants were matched on both intelligence and level of education. The musically trained children and adults performed better than the untrained participants on tasks designed to measure phonological storage ([@r154]). The musically trained children performed better than the untrained children on measures of executive control and visuospatial storage. However there was no difference between the two adult groups, suggesting that the effects of musical training on WM may depend both on age and the degree of music training received ([@r154]).

Unfortunately, the studies conducted thus far used convenience samples of people who have already received musical training. Similar to bilingualism, this is a potential problem of self-selection: individuals with higher WM may be naturally drawn to music or are more persistent in practicing an instrument. A longitudinal study, with a true experimental design, is needed to address this issue. As with bilingualism, the effect of musical training on WM performance is chronic and somewhat malleable due to the effort required for musical success ([Table 1](#t1){ref-type="table"}).

Altitude/Hypoxia
----------------

One of the more unusual factors in this review is altitude (i.e. how far above sea level one is). [@r268] found that people who lived at high altitudes performed worse than low altitude residents on a WM task. This difference held for both response times and accuracy. In another study, they compared sea level participants to natives of Tibet and found that the high altitude Tibetans performed worse on both verbal and spatial WM tasks, again showing deficits in response time ([@r269]). Even brief exposure to high altitudes has shown a suppressing effect on WM performance (see [@r254], for a review).

A possible cause of this phenomenon is hypoxia--- the level of oxygen in the air people breathe. Oxygen is less abundant at higher elevations. A few studies have examined the negative effect of hypoxia during sleep on WM (e.g., [@r28]; [@r261]) and during exercise ([@r146]), but these studies introduce other variables to consider. As seen in [Table 1](#t1){ref-type="table"}, we rate this factor as highly malleable, biological in cause, and having both an acute and chronic effect. However, too few studies have been conducted to make any firm conclusions about the nature of the effect. Though empirical work is sparse in this area, the existing studies open the door to explore other environmental factors, such as barometric pressure or humidity.

Exercise
--------

Some controversy surrounds the effect of exercise on WM performance. Some researchers have reported that exercise has a negative effect on WM, others find no effect at all, whereas several others report a WM advantage from engaging in exercise. We will review research from each of these perspectives.

First, several groups of researchers report no effect, or even a negative effect, of exercise on WM. For example, [@r73] found that WM was impaired during prolonged moderate exercise, whereas [@r151] found no change in WM between rest and cycling (exercise) conditions. The effect of exercise on children's WM is also debated. [@r75] found no change in WM during moderate walking in 9-11 year olds, yet [@r236] report that moderate walking results in slower response times on a spatial n-back task in 15-16 year olds.

Other researchers reported that exercise improves response times and accuracy on WM tasks. [@r120] found that moderate cycling resulted in faster reaction time on a 2-back WM task for people ages 19-93. WM has also been assessed during exercise (as opposed to post-exercise). [@r171] report that moderate cycling increased accuracy on concurrent high load WM tasks.

These varying results are difficult to explain. [@r236] suggest that the effects of exercise are short-lived, so that a delay in testing might miss an effect. Baseline fitness is also an issue, as people in better shape may have better attentional control, which is an important factor in WM. This hypothesis was supported by a study conducted by [@r51], in which high-exercise adults outperformed sedentary adults on three span tasks, even when controlling for verbal intelligence. However, even long term effects of exercise on WM are uncertain; a more recent study found that a four-week regimen of aerobic exercise, strength training, and stretching resulted in no difference in WM performance. ([@r190]). Given the wide variety of results, additional research on exercise and WM is needed and both the timing of the WM test and baseline fitness should considered.

Diet
----

In addition to the act of dieting (previously discussed in *Dieting* section), diet itself can have a measurable influence on WM performance. The effects of sugar (glucose), dairy, protein, and fat have been examined, with the bulk of the research conducted on the effect of glucose.

Glucose consumption results in a relatively fast, short term improvement in WM ([@r221]). This effect is so rapid that researchers who have not found an effect of glucose on WM have concluded that delay in testing was to blame ([@r246]). Importantly, the positive effect of glucose on verbal and spatial WM is the result of both dosage and recency of administration, and this effect is most pronounced in higher load conditions ([@r198]). Conversely, induced acute hypoglycemia can cause impaired WM performance on span tests ([@r237]).

These results are particularly interesting in light of studies that characterize both self-control and attentional control as finite energy reserves that rely on glucose ([@r93]). Some researchers maintain that the effect of glucose is age dependent; that is, younger people need less glucose to see an effect on WM performance ([@r177]).

Glucose paired with other substances can have a measureable effect WM as well. Using a double-blind design, [@r2] found that participants who received both glucose and caffeine after a fasting period showed better attentional control and verbal memory compared to people who received only glucose or caffeine alone. Combining glucose and caffeine has also been found to improve performance on both verbal and spatial n-back tasks of various loads ([@r101]).

Besides glucose, dairy intake (which contains lactose) has also been associated with improvements in WM performance. [@r63] conducted a within-subjects study of obese adults with habitually low dairy intake (i.e. less than 2 servings a day). Participants consumed a high dairy diet for six months and a low dairy diet for an additional six months. Spatial WM was slightly better after six months of high dairy ([@r63]). [@r63] propose that low-fat dairy's benefit to cardiovascular functioning might be boosting cognitive function, although high intake of full-fat dairy is associated with cognitive decline.

The effect of glucose has also been compared to protein and fat. [@r133] tested spatial and verbal WM at baseline, 15 min, and one hour after consuming either 40g glucose, 40g protein, 16g fat, or a placebo drink. Attention was better 15 min after consuming fat or glucose drinks, WM improved 15 min after protein consumption, and WM decreased 60 min after glucose ([@r133]). The authors conclude that different macronutrients have time-dependent effects on WM ([@r133]). This conclusion was supported by a study that compared a slow-release sucrose with lactose and glucose. Participants who consumed milk with sucrose performed best on a WM task ([@r247]).

Finally, a carbohydrate-rich breakfast has been shown to increase WM performance. [@r235] compared WM performance on participants who consumed cereal for breakfast versus participants who did not eat breakfast. Consuming cereal for breakfast resulted in increased performance on a spatial WM task ([@r235]).

Many of the effects of diet seem to be short term. Glucose seems to confer short term benefits to WM, including when administered with caffeine. Protein, fat, and carbohydrates have also been linked to WM performance, but these studies require replication. In addition, more long-term studies are needed to determine if general diet has a long term effect on WM. Though we label diet as biological in cause and highly malleable ([Table 1](#t1){ref-type="table"}), the existing literature is too small to make firm conclusions about the effect of diet on WM performance at this time.

Psychoactive Substances
-----------------------

A wide variety of drugs (i.e. external substances that are capable of crossing the blood brain barrier and influencing cognitive function) have been tested for their effect on WM (see [@r21], for a review). Because of the amount of literature in this field, it is beyond the scope of this paper to provide a thorough review. Instead, representative articles have been chosen for several main psychoactive substances and additional resources are provided in the supplement to this article.

Both agonists and antagonists have been examined for their influence on WM. For instance, visuospatial WM is influenced by noradrenaline agonists in that both too high and too low doses cause impairment, forming an inverted U ([@r9]). Dopamine agonists (such as amphetamine, methylphenidate, pergolide, and low doses of bromocriptine) improve spatial WM, although these effects seem to be susceptible to baseline differences ([@r21]; [@r163]; [@r184]). Cholinesterase inhibitors improve WM ([@r21]). There is minimal evidence that noradrenergic agonists and NMDA receptor agonists improve WM in humans, despite the strong effect seen in rats for both of these drug types ([@r21]). NMDA receptor antagonists, on the other hand, have been shown to impair WM ([@r4]).

One drug that undeniably has an influence on human cognition is caffeine, also known as methyltheobromine ([@r8]; [@r89]). Caffeine binds to two types of adenosine receptors in the brain and blocks them in an antagonistic way, which then increases alertness and concentration ([@r89]). The ability to concentrate - to control attention - is a key facet of WM, so it is perhaps no surprise that caffeine should have a positive effect on WM performance.

Indeed, nearly every study conducted on caffeine has found increased attention and WM as a result of consumption, with few exceptions (e.g. [@r235]). Even habitual caffeine consumers still show increased WM performance after caffeine consumption ([@r3]). In a study of male moderate caffeine users, [@r147] found that men in the caffeine condition showed increased activity in the medial PFC -- often associated with attention, executive functions, maintenance in WM, planning, and updating - during a verbal 2-back task. In a study comparing a placebo to 100mg, 200mg, and 300mg of caffeine in sleep-deprived Navy SEALs, [@r158] conclude that 200mg of caffeine is optimal for performance on a spatial WM task. Past this amount, the effects do not significantly improve with dosage.

Several substances have been found to temporarily suppress WM (see [Table 4](#t4){ref-type="table"} for a list of substances and references). Several of the effects appear to be load dependent, with high load task showing the greatest levels of WM impairment (i.e. alcohol, cannabis, MDMA). Not all psychoactive substances may influence WM; [@r53] compared recreational cocaine users who had been abstinent for one week to a matched group of non-users and found no impairment in either the maintenance or monitoring of information in WM.

###### Psychoactive Substances Associated With Impaired WM Performance

  Substance                         References
  --------------------------------- -----------------
  Diphenhydramine (Antihistamine)   [@r98]
  Alcohol                           [@r97]
  Cannabis                          [@r123]
  MDMA (Ecstasy)                    [@r85]; [@r260]
  Psilocybin                        [@r267]

One study has examined the effect of Modafinil, a stimulant (but not an amphetamine) used in the treatment of narcolepsy and ADHD, using a double blind placebo-controlled design. Modafinil did not affect attentional control, but improved accuracy in the high load condition of a spatial WM task ([@r183]). It is of note that lower performing participants saw the greatest effect of drug ([@r183]). Considering the WM deficits associated with ADHD (see Mental Illness and Other Medical Conditions section), it is perhaps no surprise that medications designed to treat this disorder would improve WM performance.

Finally, emerging evidence suggests that certain herbal compounds can influence WM performance. In a study of thirty-two healthy adults, consumption of American ginseng improved WM performance on the Corsi block test at one, three, and six hours post administration, but performance on an n-back task was not affected ([@r222]). Even a single dose of American ginseng has been shown to improve WM performance ([@r207]). [@r262] found improved WM in a 14-week double blind study of 256 people taking both 60mg ginko biloba and 100mg ginseng. Ginko and ginseng improved both spatial and verbal WM compared to baseline and the placebo group, although spatial WM saw greater increases, within hours of administration and over the fourteen weeks the study was conducted ([@r262]).

As previously stated, the sheer volume of research that has been conducted on psychoactive substances precludes a thorough review in this paper. Nevertheless, it is apparent that a wide variety of substances can influence performance on WM tasks. Currently, stimulants seem to have the greatest positive effect on WM while most other recreational substances seem to have a negative effect, although task load certainly plays a role. Psychoactive substances can have both acute and chronic effects and are highly malleable ([Table 1](#t1){ref-type="table"}), but a great deal of variation exists between the effects of individual drugs.

Brain Stimulation
-----------------

Several dozen studies have investigated the effect of brain stimulation on WM. The two main forms of stimulation that have been investigated are transcranial direct current stimulation (tDCS) and repeated transcranial magnetic stimulation (rTMS). tDCS is a procedure in which a weak electrical current is applied to the brain through two electrodes, an anode and a cathode. The goal of this procedure is to selectively increase or decrease cortical activity ([@r189]; [@r188]). The electrical field generated by tDCS is direct but low-intensity ([@r67]). rTMS, on the other hand, uses a magnetic coil to create a strong magnetic field. When the coil is applied to the scalp, it disrupts brain activity in the cortex by depolarizing the neurons in that area. This technique may either facilitate or inhibit brain activity, depending on the frequency of stimulation ([@r40]).

Both tDCS and rTMS are non-invasive procedures, and their effects on cortical activity are temporary. For this reason, they have been used extensively in research, including studies that stimulate the dlPFC to influence WM performance. The dlPFC is involved in both updating goal representations and other task-related demands ([@r22]; [@r72]; [@r71]).

Nearly all of these types of studies use the n-back as their measure of WM. Unfortunately, most studies suffer from small sample size. For this reason, [@r40] conducted a meta-analysis of twelve different studies that described 33 experiments to determine the influence of tDCS and rTMS on WM. Based on this meta-analysis, they conclude that rTMS of the dlPFC significantly improves WM performance. Although tDCS significantly improved reaction time, it did not influence accuracy ([@r40]).

This result indicates that brain stimulation has a direct and measureable influence on WM performance. Though rTMS is already used in some clinical settings (e.g. as a treatment for major depressive disorder), there is some interest in using tDCS and rTMS in clinical populations that suffer from impaired WM, such as schizophrenia. Brain stimulation is a promising area for future study, and it would greatly benefit from additional studies using larger and more varied populations.

Conclusions and Future Directions
=================================

This paper was written with several aims: to provide a review of past research, to serve as a resource for new researchers, to identify areas requiring additional research, and to provide a framework to classify these factors. As a result of these goals, we pulled many disparate areas of research together and highlighted some important considerations for researchers who frequently use WM tasks in their studies. As a reminder, there is a supplementary list of articles, arranged by topic, for each of the factors reviewed in this paper.

One of our primary goals was to provide a framework for classifying factors that influence WM. We divided factors along the lines of subject and manipulated factors, which seemed a logical first step in considering relationships between factors. Nevertheless, other possible frameworks may considered: duration of the effect, the malleability of the factor, the presumed mechanism that causes the variance in WM, and the level of consistency in the literature (see [Table 1](#t1){ref-type="table"}).

First, the duration of the effect on WM may be viewed as either acute or chronic. Chronic factors, such as intelligence and personality, are relatively stable over time. This causes their effect on WM to also be stable over time. Acute factors, such as emotional state and brain stimulation, are temporary, as is their effect on WM. Several factors are uncertain in terms of duration of the effect. These factors include dieting, mindfulness, practice, altitude, exercise, diet, and drug use. Each of these factors would greatly benefit from carefully designed, longitudinal studies.

Malleability refers to the likelihood of a factor changing, or being altered by external circumstances. [Table 1](#t1){ref-type="table"} assigns low, medium, and high values of malleability to each factor, although these are best guesses based on knowledge of the field. Certain factors are nearly impossible to alter while other factors are easily changeable. Most of the highly malleable factors allow for personal choice, either by the individual or an experimenter. For example, a person can choose to exercise just as easily as an experimenter can assign a person to an exercise condition within a study. Of greatest importance, however, several factors that have detrimental effects on WM are malleable (e.g. stress, sleep, stereotype threat, and certain mental illnesses). This gives hope that interventions or therapies designed to improve or ameliorate the effects of these factors will have the side effect of improving WM performance.

A third possible framework relies on the underlying mechanism of each factor. Several factors are presumably biological in origin, such as intelligence, age, diet, brain stimulation, and use of psychoactive substances. Even personality has been investigated for its biological underpinnings, and the role of dopamine has certainly been implicated. Several studies have highlighted areas of the brain, such as the dlPFC, as important to WM, and have examined overlap with other factors, such as critically listening to music. Nevertheless, there seems to be a disconnect between neurological and behavioral studies of WM. As an example, the majority of neurological studies of WM use the n-back task. Though the n-back and complex span tasks both presumably measure WM, they are weakly correlated with each other and may actually measure slightly different aspects of WM itself ([@r134]). Although a great deal of time and energy has been spent on investigating the underlying mechanisms of many of the factors reviewed in this paper, the cause of effect for several factors is unknown. These factors include mental illness, stereotype threat, temperature, practice, sleep, bilingualism, musical training, and exercise. Each of these factors is somewhat uncertain in their mechanism(s) and additional study is needed.

An additional framework for organizing the factors reviewed in this study is the level of consistency in the literature. Although several factors have been thoroughly investigated, questions about the nature of their effect remain. These factors include gender, personality, craving, practice, and exercise. Additional research may improve consensus in the field, and these factors would also benefit from thorough meta-analyses. In addition, some factors simply need more research in general, as too few studies have been conducted to make an assessment about consistency. These factors include temperature, mindfulness, musical training, altitude, and diet.

One important thread that connects multiple sections of this paper, and deserves special mention, is preoccupying thoughts. Intrusive thoughts are implicated in several types of mental illnesses, stress, anxiety, dieting, craving, and possibly stereotype threat. Preoccupying thoughts may selectively impair WM by using up resources in the phonological loop. Training to control preoccupying thoughts--- for example, with mindfulness meditation--- may diminish their effect, but additional research is needed to determine how effective this training is in the long term and if the training is truly effective at improving WM performance. An alternate to mindfulness meditation might be training on thought suppression. By increasing an individual's ability to suppress intrusive thoughts, the harmful effects of those thoughts on WM might be reduced or eliminated. Future investigations might examine the role of preoccupying thoughts in terms of theoretical models of WM. For instance, using the [@r17] model, preoccupying thoughts might either be a function of misallocation of attentional resources by the central executive or an impairment of the phonological loop.

Another general trend to note is the difference between high and low load tasks. In addition to differences between using verbal and spatial stimuli, researchers can also choose task difficulty by manipulating the task parameters. Increasing cognitive load may have a differential impact on the measurement of WM, as several factors (e.g., dieting, stereotype threat, sleep, and some psychoactive substances) seem to impair WM only, or especially, in high load tasks. Load-dependent influences for each of the factors in this study should be assessed in the future.

Finally, we have used this review to demonstrate the many possible sources of variance in WM performance. It behooves researchers to consider the sheer breadth and scope of variables that can influence WM, and to take more of a variance accounting approach in the measurement of this important construct. Several factors are quite easy to assess, as a researcher may easily include basic questions about them in a brief initial survey or include a short personality survey. Furthermore, some factors are more important to assess for certain populations, such as sleepiness in college students. In fact, the time of day and sleepiness in college students may explain some of the contradictory results between several of the studies described in this paper.

Understanding and accounting for the many factors that can influence WM performance will improve the quality and validity of our measurements. Of most importance, researchers who study WM or use it their research should understand that performance on WM tasks is not necessarily as stable as one would like to think, and multiple measures and measurements should be collected when possible. As [@r218], p. 450) note in their study of stereotype threat, manipulations that "can produce situational reductions in WM underscores the need for researchers to use caution when assuming that such measures index a stable and unchanging ability."
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